Methodologies for creating reactive potential energy surfaces from molecular mechanics force-fields are becoming increasingly popular. To date, molecular mechanics force-fields use harmonic expressions to treat bonding stretches, which is a poor approximation in reactive molecular dynamics simulations since bonds are displaced significantly from their equilibrium positions. For such applications there is need for a better treatment of anharmonicity. In this contribution Morse bonding potentials have been extensively parameterised for the atom types in the MM3 force field of Allinger and co-workers using high level CCSD(T)(F12*) energies. To our knowledge this is the first instance of a largescale paramerization of Morse potentials in a popular force field.
Main Text
Molecular mechanics force fields have offered a computationally efficient way of calculating energies and forces of large-scale molecular systems for many years.
There are numerous force fields available 1-4 all of which have been extensively parameterised against experimental and/or theoretical data and these force fields have been utilised highly successfully within molecular dynamics simulations. In their basic form, molecular mechanics force fields require a connectivity specification and are non-reactive by definition (although modified approaches such as the ReaxFF 5 force-field do allow bonding breaking/making to occur). However, there are deficiencies to the harmonic bond representation used in popular force fields. For example, in recent years an increasing number of approaches like the empirical valence bond (EVB) approach have been used to create reactive potential energy surfaces utilising molecular mechanics force fields. [6] [7] [8] [9] [10] [11] In such reactive simulations, bond breaking and bond forming processes lead to scenarios where chemical bonds which are substantially displaced from their equilibrium bonding distance, highlighting serious deficiencies in many commonly used force fields. Moreover, it has been known for some time that an accurate treatment of anharmonicity plays a crucial role in accurately treating inter and intra-molecular energy transfer rates. [12] [13] [14] Typically, bonding terms used in molecular mechanics force fields are polynomial expansions (up to fourth order), but this approximation breaks down for elongated bonds, e.g., during reactive events or in cases where molecules have significant internal energy. The primary motivation for treating bonds as harmonic rather than anharmonic in the past was one of computational efficiency, owing to the fact that force evaluations for a harmonic bond term are significantly cheaper than for a Morse type oscillator. With modern computational facilities however, such considerations are less important, and large-scale molecular dynamics studies are perfectly feasible with a force field comprising of Morse oscillators rather then the less physically realistic harmonic oscillator.
One commonly used force field is the MM3 force field of Allinger and coworkers, [15] [16] [17] which we have used extensively over the years to model reactive dynamics and transient ultrafast infrared spectroscopy in a range of both strongly coupled and weakly coupled solvents. 6, 12 This force-field has gone through several iterations from MM1 to MM3, as well as the closely related MMFF, all of which have been characterised on a large set of small hydrocarbon species over a long series of publications. In this work we replace the standard harmonic bonding terms in the MM3 force field with a general Morse oscillator expression:
where ! is the dissociation energy and ! is equilibrium bond distance. In this case it was also necessary to add an offset parameter C corresponding to the CCSD(T) energy at the minimum of the Morse curve. This ensured the Morse potential energy ( ( )) = 0 when = ! .
The required Morse parameters are fit to ab initio calculations using explicitly correlated coupled-cluster singles, doubles and perturbative triples theory, CCSD(T)(F12*).
In this article, we report these Morse parameters in order to enable their use by other molecular modellers. To evaluate the utility of these parameters, we have examined the performance of harmonic vs. Morse MM3 force fields in the construction of EVB reactive potentials, using the H3CCN -> CNCH3 isomerisation as an exemplary case Dissociation energies for the MM3 bonding entries were obtained as follows.
First a test set of molecules was created and MM3 atoms types were assigned to each species. This test set primarily included molecules which were used to parameterise the existing MM3 parameters as described in various publications, however it was necessary to add a substantial number of additional molecules in order to cover a larger selection of the MM3 bonding types. This test set is listed in the online supplementary information. It comprises 254 species and covers all but 29 of the 213 MM3 bonding types.
Most of the remaining bond types for which dissociation energies have not been obtained were either found to be incomplete, in the sense that a full set of MM3 parameters was not present for a species involving this type of bond, or high level energy calculations were problematic for the given bond type due to molecular size. For example the MM3 types corresponding to Ferrocene have not been included
Having defined the test set, the geometry of each species was initially optimised using the Tinker molecular dynamics package 56 and the MM3 parameter set.
Starting from the optimised geometry, any given bond was then subject to a total of 7 displacements from the equilibrium geometry, covering the range − 0.3 to + 0.6, where in this case is the (MM3) optimised nuclear separation for the given bond in Å.
At each of these displaced geometries CCSD(T)(F12*) / aug-cc-pVDZ energies were computed using the Molpro software to construct an ab initio, anharmonic potential for a given bond. For second row atoms and above, ecp2 core potentials in combination with the aug-cc-pVDZ-PP basis sets were used. Finally, we fit here that re should be taken from the original data and α can be determined from the expression: 58
where ! is the harmonic force constant. This approach minimises the possibility of errors in ! which could be introduced through fixing and ! parameters in the fitting process, but ensures that the original MM3 energies are minimally perturbed about the equilibrium geometry. As a consistency check, vibrational frequencies were calculated for a number of species using the Tinker molecular dynamics program 56 with both the harmonic and anharmonic MM3 force fields and it was found that the vibrational frequencies differed by at most 5% of the harmonic value.
In order to assess the consistency between the fitted ab initio Morse potentials and the harmonic parameters already present in the MM3 force field, the values of α obtained from the ab initio fits were converted into force constants ( ! ) from rearrangement of eq.2 and these could be compared with the force constants already present in the MM3 force-field. The two values of k are plotted for a selection of the bonds involving MM3 type 1 (sp3 Carbon) and
for the bonds involving MM3 type 3 (carbonyl carbon) in Figure 1 . For both panels in Figure 1 the trends in the different and ! values agree well but there are significant discrepancies, particularly for the type 3
bonds. The primary reason for this appears to be due to the wide variation in molecular structures, which feature a single bond type. For example, both 1,2 benzoquinone and glyoxal involve a bond between two type 3 atoms, and yet the chemical environment surrounding these bonds is clearly different. This gives rise to different ab initio Morse potentials, as demonstrated in Figure 2 . It is noted here that given the way the MM3 force-field has organically grown, we were unable to obtain the definitive list of test molecules used to parameterise the original data. As such the test set used here likely deviates from the original MM3 test set and this could account for some of the discrepancies. forcefield. In the current work we have chosen to compare the behaviour of these two force fields by fitting a reactive potential energy surface for the H3CCN⇔ CNCH3 reaction. The reactive potential energy surface will take the form of an empirical valence bonding (EVB) potential which has been described in detail previously. 12 In order to fully parameterise an EVB potential it is necessary to fit to accurate potential energy data for a given system. In this work we have performed a rigid scan over the Jacobi coordinates γ and r shown schematically in Figure 3 . The angle γ was varied between 3.14 and 0 radians in increments of -0.16 radian and at each fixed γ, r was varied between 2.07Å and 3.07 Å in increments of 0.05 Å giving a total of 400 distinct geometries. At each of these geometries high level energies were obtained at the CCSD(T)(F12*) /aug-cc-pVDZ level of theory using the Molpro electronic structure theory code. Further details of the EVB fitting procedure along with the specific MM3 types and fitting parameters used are detailed in the online supporting information
The difference between harmonic vs. anharmonic MM3 force fields is apparent when considering the EVB fits. Figure 4 shows the variation in goodness of fit metric ∆ (Eq.S4 in the supporting information) with iteration of the fitting algorithm. Stochastic errors are obtained with standard bootstrap sampling of the twenty-one separate fits in both cases. 59 Fig 4 clearly shows that the quality of fit is better in the Morse case with a mean unsigned error of ∆ of 4.03 ± 0.78 kcal mol -1 compared to 26.5 ± 4.4 kcal mol -1 for the harmonic case.
This clearly demonstrates that accurately treating anharmonicity at large internuclear separations, is key to quantitatively describing this CH4 + CN system and the new dissociation energies presented in this work are expected to be of great utility is similar reactive dynamics studies. is ideally suited to classical mechanics based approaches for studying reaction dynamics, which should be of broad practical use to molecular modellers.
